each analysis, assessor-specific as well as product-specific d-prime values are obtained, and these will be used in 48 a principal component analysis. Thus, information about products as well as assessors are obtained across sensory 49 attributes when considering the principal component analysis. 50 In a world that constantly evolves, e.g. due to health initiatives, it is beneficial for companies to be able to compare 51 a product with versions that are subtle modifications of this product by investigating whether any of the new variants 52 have a similar sensory profile to the known product across many attributes. 53 Considering discrimination tests for subtle product differences, the 2-AFC test is much simpler than the 3-AFC, and 54 almost as sensitive. Thus, 2-AFC is the preferred test to evaluate a specific sensory attribute (Dessirier & O'Mahony, 55 1999; Van Hout et al., 2011; Ennis & Jesionka, 2011) . For PCA to be relevant, various sensory attributes must be 56 evaluated for a group of products. Therefore, we extend the methodology for binary paired comparisons by describing 57 how PCA can be used to evaluate d-prime values obtained from such studies. Moreover, the 2-AFC does not use a 58 scale and will not lead to variability of using a scale. Furthermore, the 2-AFC enables a constant reference, thus 59 providing a rather simple way to obtain relative sensory profiles. However, there are limitations associated with the 60 use of 2-AFC that we will also address in this paper. 61 The methodology presented in this paper is a step towards building a bridge between discrimination tests and descrip-62 tive analysis by considering principal component analysis using d-prime values obtained from a discrimination test. 63 PCA makes it possible to obtain knowledge about possible correlations among sensory attributes that would not have 64 been detected if only univariate analyses were considered. Furthermore, the biplot presenting the results from the Gabriel (1971) .
Interpreting correlations is a fundamental part of understanding the phenomenon the sensory study is intended to in-91 vestigate. Furthermore, understanding the correlations between attributes can be useful in the sense that information 92 is gained about possible combinations of a product. e.g. if two attributes are positively correlated and one would like 93 to increase one attribute while decreasing the other, a positive correlation indicates that this will be impossible.
94
One important aspect of the d-prime values is that they should be comparable such that two similar values ensure 95 similar characteristics of the corresponding products. The d-prime values we consider in this paper are comparable, 96 since the d-prime values can be both positive as well as negative, depending on the perception of the product relative 97 to the control. Thus, positive values indicate that the product has a stronger intensity of the sensory attribute than the 98 control. Similarly, negative values indicate a weaker intensity of the product. In many applications, data are centered as well as scaled before doing the PCA. The scaling is usually important 102 because variables can be measured using different scales. However, when considering variables within sensory panel 103 studies, such differences in scales rarely occur. Thus, PCA is often applied without scaling the variables when consid-104 ering experiments in sensory panel studies (Borgognone et al., 2001; Naes et al., 2010; Lawless & Heymann, 1998) .
105
For the d-prime values, no scaling is used, since all of the values are on the same scale, namely the d-prime scale 106 where the d-prime values will mostly lie in the interval from −3 to 3 when negative d-prime values are allowed as in 107 the binary paired comparison. Therefore, with the same reasoning as in sensory science in general, no scaling is done 108 using d-prime values in a principal component analysis.
109
In sensory science, as well as in many other applications, data are often centered when doing a PCA. This will also 110 be the general approach in this paper. There might be situations where all (or a majority) of the d-prime values from 111 a binary paired comparison are either positive or negative. In such situations, it is important to center the data when 112 doing the principal component analysis. The impact of not centering is that all the sensory attributes will appear to be 113 positively correlated, even when this is not reflecting the correct nature of the potential correlations among the sensory 114 attributes. Thus, we recommend centering when using raw d-prime values for the PCA. With regard to the product-115 specific d-prime values from a Thurstonian mixed model, both centered and non-centered PCA are considered. Each 116 of these makes it possible to get different types of information on the products. In Section 3.3 we will consider the 117 specific situation where an interpretation exists using non-centered product-specific d-prime values. In this section, we consider PCA using raw product d-prime values that are found by transforming the data. Let x ij 120 be the number of times product i is chosen out of a total of n ij answers for the jth sensory attribute. Let p ij = x ij /n ij 121 be the proportion of times product i is chosen for the jth attribute. Data are transformed into d-prime values using the 122 inverse of the psychometric function for the binary paired comparison:
The psychometric function in (1) We illustrate this approach by an example.
127
We simulate binary paired comparison data to illustrate the advantages of doing a principal component analysis using 128 raw d-prime values compared to considering univariate analyses. We impose structure among products and sensory 129 attributes in the data in order to find this structure in the results of the PCA. The comparisons considered are of the 130 type product vs. control and the simulated data are the number of times a product is chosen.
having low or high sensory intensity when the other product has the opposite sensory intensity. We refer the reader 137 to Appendix A for more details regarding the simulation of the data. The d-prime values for the simulated data are 138 shown in Table 1 . We use these values in a principal component analysis. We consider the centered PCA which results in the biplot shown in Figure 1 . The arrows for attributes 4 and 6 are close together, implying that these two attributes are positively correlated. The 145 same holds for attributes 1 and 3. Furthermore, the arrow for attribute 2 is pointing in the same direction as the arrows 146 for attributes 1 and 3, implying that attribute 2 is also positively correlated with attributes 1 and 3. Additionally, 147 the arrow for attribute 5 is pointing towards the opposite direction of the arrows for attributes 4 and 6, implying that 148 attribute 5 is negatively correlated with attributes 4 and 6. These findings correspond to the structure we imposed on 149 the data.
150
Products 1, 2 and 3 are close together, implying similarities between these products. Similarly, products 7 and 8 are 151 also rather close, implying similarities between these two products. Furthermore, product 9 is not too far away from 152 products 7 and 8, and therefore it resembles these products. Additionally, products 4 and 5 are in opposite directions 153 with respect to the first PC, implying differences among these two products. Furthermore, products 6 and 10 are the 154 products with the strongest sensory intensity of attribute 5. However, they are rather far from one another, as well as 155 the other products, implying that they overall are different from the other products.
156
The findings regarding correlations among the sensory attributes would not have been detected if only univariate 157 analyses were considered. Furthermore, the biplot gives an easy way to gain information about similarities between 158 products across multiple sensory attributes. In this section, we describe an existing discrimination study that we use as an example in the remainder of this 161 paper. This study is the same discrimination study as is used in Linander et al. (2019) . We briefly explain the structure 162 of the discrimination study and refer the reader to Linander et al. (2019) for further details.
163
The overall aim of this study was to find a new product that has some of the same sensory characteristics as an existing 164 product. In this study, the assessors were comparing different test products with the same control product. A sample 165 of a test product as well as a sample of the control product were applied to an assessor's own skin. The assessor had 166 to choose the sample with the strongest intensity of the attribute in question.
167
The study included eight test products assessed by a maximum of 25 assessors. Not all assessors evaluated all the 168 test products. The assessors evaluated eight attributes, five of these were assessed immediately after application to the 169 skin. In addition, three of these attributes were re-assessed 5 minutes after application. Each assessor evaluated each 170 test product twice by making one comparison in two consecutive sessions. Thus, the maximum number of assessments 171 for each test product is 50. The number of evaluations for the test products range from 40 to 46.
172
The desired sensory characteristics for the new product is to be less sticky and at the same time not to be greasier than 173 the control product. Furthermore, the new product should be at least as silky as the control product, though preferably 174 silkier. This will be evaluated by observing the sensory profile for the products in the biplots. where l = 1, . . . , L represents the products, m = 1, . . . , n l represents the assessors for the lth product and k = 188 1, . . . , K represents the sessions (K = 2 and L = 8 for the discrimination study described in Section 2.3). We 189 assume that p lm , the probability of the mth assessor choosing the lth product, is independent of the sessions:
It is possible to impose a linear structure of p lm which explains the variables that are affecting these probabilities. We 191 consider a model where the probabilities are explained by products as well as assessors:
where f paired is the psychometric function with its inverse given in (1). Additionally, µ is the overall average differ-193 ence between the products and the control and α l is the difference for the lth product to the average product-difference 194 µ. Thus, the sensory difference for the lth product to the control is The results from the Thurstonian mixed model that we use in this paper are product-specific as well as assessor-specific An important aspect of PCA is whether or not to center the data before doing PCA. For the product-specific d-204 prime values, both situations will be considered, since each of these contributes valuable information regarding the 205 products. As we will show below, when centering the product-specific d-prime values, the information regarding the 206 control is removed. However, when the d-prime values are used without centering, the information about the control 207 is maintained in the PCA.
208
To be able to distinguish the estimates of the product-specific d-prime values obtained for the different sensory at-209 tributes, an additional sub-script will be used:
where j = 1, . . . , J represents the sensory attribute andμ j andα lj are the estimates obtained from the analysis of the 211 jth attribute. Thus, d lj is the sensory difference for the lth product to the control for the jth sensory attribute.
212
The model in (2) is over-parameterized, thus it is assumed that for each j:
When centering the product-specific d-prime values, the mean value of the d ij s for each j is subtracted.d .j ; the mean 214 value over i, for a given j, reads:
where the last equality follows from (3). Therefore, the centered d-prime values are given as:
Thus, when doing the PCA using the centered d-prime values, theα lj s are used. Hence, when interpreting the results
217
of the PCA, the information regarding the control has been removed. Recall that α lj merely expresses the difference 218 from the lth product to the average product-difference µ j for the jth attribute. Thus, when considering the PCA on 219 the centered d-prime values, it is possible to compare the products with each other, but not with the control. 220
Example

221
In this section, we consider the centered PCA using the data from the discrimination study described in Section 222 2.3. More specifically, we consider the product-specific d-prime values which are obtained from model (2) and listed 223 in Table 2 . Note that the d-prime value for product H for Silky (0 minutes) equals −∞. We have chosen to re-224 analyze data with a 0 changed to 1 for one assessor to obtain a finite value. We believe this is a sensible choice 225 for handling the extreme value, since the lowest number of evaluations for Silky is 40. Thus, the imputed value 226 expresses a rather large difference between H and the control. This approach results in an imputed value of −3.32 for 227 product H for Silky (0 minutes). Several approaches exist for handling extreme values, and we will address some of 228 these in Section 5.1.
229
[ Table 2 about here.]
230
The PCA using the centered product-specific d-prime values results in the biplot shown in Figure 2 .
231
[ Figure 2 about many methods exist enabling this information. In this section, we show how information about assessors can be 295 obtained considering PCA using assessor-specific d-prime values from a multi-attribute 2-AFC study.
296
To gain knowledge about which assessors are proportionally choosing products similarly on average across products, 297 the b m s are considered for each attribute. To be able to distinguish the estimates obtained for the different attributes, an 298 additional sub-script will be used. Thus, b mj is the difference for the mth assessor to the average product-difference 299 µ j , on the d-prime scale, for the jth attribute. The centered and non-centered PCA will give similar results, since In this section, we consider PCA using the data from the discrimination study described in Section 2.3. More 304 specifically, we consider the assessor-specific d-prime values obtained from model (2). When testing skin care prod-to investigate whether it is possible to determine when a control is non-extreme. Furthermore, it would be interesting 385 to investigate how the results from the centered PCA are affected by an increasing number of attributes with values 386 of the same sign. Additionally, it would be interesting to investigate whether it is possible to find a cut-off value for 387 the percentage of attributes with an extreme control where the results are affected such that they no longer reflect the 388 correct nature of data. 389 6. Summary and discussion 390
In this paper we have presented a first step towards building a bridge between descriptive analysis and discrim-391 ination testing. More specifically, we have suggested a way to gain knowledge about products and assessors across 392 sensory attributes by considering d-prime values obtained from a binary paired comparison, and we have used these 393 in a principal component analysis. As written in Section 1, insights about products and individual differences are 394 obtained when considering a multi-attribute 2-AFC study. Furthermore, the binary paired comparison is preferable 395 when considering subtle product differences due to its simplicity as well as the lack of a scale in this discrimination 396 test. Additionally, the 2-AFC test provides a constant reference giving relative sensory profiles. However, to the best 397 of our knowledge, it has not been documented in the literature whether increased sensitivity will be obtained in a 398 multi-attribute 2-AFC study. It is beyond the scope of this paper to investigate this, but it would be interesting to 399 compare the sensitivity for QDA with the sensitivity for a multi-attribute 2-AFC study as a part of future research on 400 this topic.
401
When considering PCA using d-prime values, various aspects are important to consider carefully in order to ensure a 402 valid interpretation of the results. We have addressed the importance of centering the d-prime values to ensure that we 403 do not force incorrect correlations between the sensory attributes. There is one exception, where it is valid to consider 404 the non-centered PCA; using the product-specific d-prime values from a Thurstonian mixed model given that both Thus, it is important to ensure that this is fulfilled when investigating whether it is possible to use d-prime values that 418 are not obtained from a binary paired comparison. However, further research is needed to comprehend the impact of 419 how the d-prime values are obtained.
420
In order to facilitate easy choices regarding similarities between products and control, it would be relevant to investi-421 gate whether a d-prime interpretation of distances exists in the biplot.
422
Future research regarding the biplot for the assessor d-prime values could be to investigate patterns if additional in-423 formation is available for the sensory scientist, e.g. whether the assessors are clustered according to their skin type.
424
Furthermore, it would be relevant to consider whether it is generally possible to identify good and bad assessors.
425
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